This investigation examined the resonant vibration fracture behaviors of spheroidal graphite (SG) cast iron with various matrix structures. The results show that the vibration life is determined by a combined effect of the damping capacity and cracking resistance of the matrix. The structure surrounding graphite nodules also plays an important role since the stress concentrates in the vicinity of the nodules during vibration.
Introduction
Camshafts, crankshafts and disk brake calipers are examples of SG cast iron components used in vehicles. 1) When used in such applications, the possibility of failure under resonant vibration must be investigated if reliability is to be ensured.
A higher matrix strength will generally lead to a lower damping capacity; 2) nevertheless, how the matrix structure influences the vibration behavior of SG cast iron under resonance is still unclear.
In this study, four matrix structures were chosen to clarify the matrix effects on resonant vibration properties including resonant frequency, damping capacity, crack initiation and propagation. The four structures were ferritic, pearlitic, a ferritic matrix with a martensite ring around graphite particles (the so-called hard eye structure) and a pearlitic matrix with a ferritie ring around graphite particles (the socalled bull's eye structure).
Experimental Procedures

Testing materials and their tensile properties
SG cast iron with a near-eutectic composition (3.71 mass%C, 2.73 mass%Si) was chosen for this study. The heat-treatment procedures to obtain the four matrix structures mentioned above are self-explanatory from Fig. 1 , where the specimens of ferritic, pearlitic, hard-eye and bulleye structures are designated as ''F'', ''P'', ''HE'' and ''BE'', respectively. Figure 2 shows the optical microstructures of the test materials, which all have a graphite area fraction of about 14.4%. The thickness of the ferrite ring in BE specimens and that of the martensite ring in HE specimens are about 8.5 mm and 10 mm, respectively.
The tensile properties of the test materials are presented in Table 1 . As indicated, the strength decreases and the elongation increases in turn from P, BE, HE to F.
Resonant vibration test and measurement of loga-
rithmic decrement ( value) The simple cantilever beam vibration system, as shown schematically in Fig. 3 , was used for the vibration experiment. The test specimen, rectangular with dimensions 15 mm Â 100 mm Â 2 mm, was clamped on end to the vibration shaker. The resonant vibration tests were performed by placing the specimen under resonant vibration conditions and the variation in deflection amplitude was recorded.
Damping capacity was measured in terms of logarithmic decrement ( value) which was derived from the deflection amplitude decay of a specimen under free vibration. Logarithmic decrement value is defined as follows 3) ¼ 1=n lnðA i =A iþn Þ where A i and A iþn are the amplitudes of successive cycles.
Results and Discussion
The results shown in Table 1 indicate that all the test specimens in this study exhibited a similar resonant frequency of about 27 Hz, in spite of differences in the matrix. McGuire et al. 4) reported that the resonant frequency of materials depends on the elastic modulus, density and dimensions of the specimen. Although a change in microstructure significantly affects tensile properties (Table 1) , it has only a slight influence on the elastic modulus. 5) Consequently, the resonant frequencies of the specimens with various matrices are similar.
After ascertaining the resonant frequency of the test specimens, all the specimens were vibrated under the same Fig. 4 (a). It can be identified that the D-N curves of the test materials exhibit a two-stage form (Region I, with a constant deflection, and Region II with a descending deflection amplitude.) except for the P specimen which has a continuously decreasing deflection from the initial stage of vibration. Also, the P specimen exhibited the largest initial deflection amplitude. The initial deflection of the other samples decreased in turn from HE, BE to F.
The constant deflection amplitude within Region I can be attributed to the effect of strain hardening in competition with that of crack generation and linking within this region.
6) The descending deflection in Region II is due to the deviation of the actual vibration frequency from the resonance frequency caused by the inward propagation of major cracks. In this study, vibration fracture resistance is defined as the vibration cycle number at the beginning of Region II.
According to this definition, the vibration life of the BE specimen is slightly higher than that of the F specimen, which is in turn higher than that of the HE specimen and also the P specimen, which has the lowest number of cycles to failure (Fig. 4(b) ).
As mentioned, the initial resonant deflection amplitude varies with the matrix structure. This can be related to the variation in damping capacity represented in Table 1 . The damping behavior of graphite cast irons can be attributed to the combined effect of graphite and matrix.
2) The main mechanism for vibration energy dissipation could be considered as the high intrinsic damping capacity of graphite which is generally attributed to its crystal structure, 7) but the matrix effect should not be overlooked. Plenard et al. 8) reported that matrix structure and strength are also responsible for the damping capacity in cast irons. The results of their study also indicated that an increase in strength will result in a lower damping capacity. Similarly, our recent investigation also indicates that increasing the matrix strength through silicon solution hardening significantly reduces the value. 9) Plenard et al. also mentioned that the damping capacity of the Fe-base structures examined in this study were noted to decrease in the following order: ferrite, martensite and pearlite.
Although there was only a small amount of ferrite or martensite appearing mainly as isolated shells around the graphite particles in the case of BE and HE, the initial deflection and damping capacity were affected significantly. This can be attributed to the stress concentration effects induced by graphite nodules. 10) Plastic deformation occurs more easily in the vicinity of graphite nodules than in other areas, and thus a plastic deformation pattern can be found around graphite nodules in the early stages of the vibration (see Fig. 5 ). Vibration energy can be absorbed and dissipated by the dislocation motion, 11) and easier dislocation movement will lead to a higher damping capacity and lower initial deflection amplitude. Therefore, the mobility of dislocations in the near-graphite region, which is related to the matrix strength, can be regarded as a dominant factor in the damping of SG cast iron.
As for the vibration life, it does not seem to be directly associated with damping capacity. The lowest cycle number to failure in the P specimen can be inferred to be the highest deflection amplitude. The highest vibrational stress thus produced will result in easier crack initiation and propagation in spite of the hard pearlite. Consequently, cracks extend inwards quickly and thus cause an instant failure and the absence of a Region I in the D-N curve.
However, in the case of BE with a relatively soft bull's eye structure, the initial deflection amplitude is much smaller than that of P, and thus it suffers a smaller vibrational stress under cyclic deformation. Moreover, after crack initiation from the ferritic ring around graphite nodules in the BE specimens, the hard pearlitic phase in-between the bull's eye structure can resist crack propagation and linking, delay the formation of major cracks (Fig. 6 ) and thus prolong the Region I period of the D-N curve. This implies that the pearlite structure can efficiently trap the crack propagation under a relatively low applied stress.
Although the F specimen has the lowest tensile strength, it possesses a rather long Region I period. This may be related to the high damping capacity of the fully ferritic matrix and the smallest deflection amplitude thus produced. In addition, the hard eye structure around graphite nodules may stunt crack initiation, but the relatively high deflection compared to the F sample and the soft ferrite matrix accelerates the crack propagation. Worthy of notice is, the results of vibration testing performed under an identical deflection amplitude are quite different to those performed under a fixed vibration force (Fig. 7(a) ). Figure 7(b) shows that the critical cycle number to failure of the samples under identical deflection amplitudes (i.e., vibration fracture resistance) increases with increasing yield strength. This tallies with traditional fatigue test results. 12) It seems reasonable to conclude that the main difference between resonant vibration and traditional fatigue must be the effect of damping capacity. On removal of the damping effect, the matrix strength plays an important role in vibration fracture resistance.
Conclusions
(1) Differences in matrix structure and strength have almost no influence on the resonant frequency of spheroidal graphite cast iron. (2) Vibration life can be inferred to be the result of the damping capacity in competition with the crack propagation resistance of the matrix. The structure surrounding graphite nodules significantly affects the damping capacity and initial deflection amplitude due to the stress concentration induced by graphite particles. (3) The bull's eye specimens exhibit a fair resonant vibration fracture resistance whether under an identical vibration force or deflection. This can be attributed to the ferrite ring around graphite nodules which contributes to the damping capacity, and the surrounding pearlite phase which can stunt the crack growth. 
